Astronomy & Astrophysics manuscript no. 8548 


© ESO 2008 


February 2, 2008 





The mid IR - hard X-ray correlation in AGN and its implications for 

dusty torus models * 

Hannes Horst''^-^, Poshak Gandhi^, Alain Smette^, and Wolfgang J. Duschl^'^ 

' Institut fiir Tiieoretisciie Piiysik und Astrophysik, Christian- Albreciits-Universitat zu Kiel, Leibnizstr. 15, 24098 Kiel, Germany 
- Zentrum fiir Astronomie, ITA, Universitat Heidelberg, Albert-Ueberle-Str. 2, 69120 Heidelberg, Germany 
^ European Southern Observatory, Casilla 19001, Santiago 19, Chile 

RIKEN Cosmic Radiation Lab, 2-1 Hirosawa, Wakoshi Saitama 351-0198, Japan 
^ Steward Observatory, The University of Arizona, 933 N. Cherry Ave, Tucson, AZ 85721, USA 

Received 00.00.0000 / Accepted 00.00.0000 

ABSTRACT 

Aims. We investigate mid-infrared and X-ray properties of the dusty torus invoked in the unification scenario for active galactic nuclei 
by using the relation between mid IR and hard X-ray luminosities to constrain the geometry and physical state of the dusty torus. 
Methods. We present new VISIR observations of 17 nearby AGN and combined these with our earlier VISIR sample of 8 Seyfert 
galaxies. After combining these observations with X-ray data from the literature, we studied the correlation between their mid IR and 
hard X-ray luminosities. 

Results. A statistically highly significant correlation is found between the rest frame 12.3 pm (Lmir) and 2-10 keV (Lx) luminosities. 
Furthermore, with a probability of 97 %, we find that Sy 1 and Sy 2 nuclei have the same distribution of Lmir over Lx. 
Conclusions. The high resolution of our MIR imaging allows us to exclude any significant non-torus contribution to the AGN mid IR 
continuum, thereby implying that the similarity in the Lmir / Lx ratio between Sy Is and Sy 2s is intrinsic to AGN. We argue that this 
is best explained by clumpy torus models. The slope of the correlation is in good agreement with the expectations from the unified 
scenario and indicates little to no change in the torus geometry with luminosity. In addition, we demonstrate that the high angular 
resolution is crucial for AGN studies in the IR regime. 

Key words, galaxies: active - Infrared: galaxies - X-rays: galaxies 



compared with their observations. (I) The scatter of the relation 
is about an order of magnitude larger than expected from the 
results of iKrabbe et alj (I2001I) . (II) There is no significant dif- 
ference between type 1 Seyferts (Sy types 1 to 1.5) and type 2 
Seyferts (Sy types 1.8 to 2) objects in the average ratio of mid- 
infrared to hard X-ray emission, as would be expected from an 
optically and geometrically thick as well as smooth torus dom- 
inat ing the mid IR AGN cont inuum. This was also supported 
by Alonso-Herrero et"aLl (|2002|) who investigated the coiTelation 
between the lOjum l uminosity and the black hole mass of AGN. 
In an earlier paper jHorst et alj|2006l hereafter Paper I), we 
presented VISIR observations of 8 nearby Seyfert nuclei. With 
our angular resolution o f 0'.' 35 at FWHM we then improved 
upon lKrabbe et all (l200lb and lLutz et al] (|2004 by a factor of 3 
and 80, respectively, thus minimising contributions from extra- 
nuclear emission. We found a strong correlation between the rest 
frame 12.3 //m and 2-10 keV luminosities with type 1 and type 2 
Seyferts following the same correlation of Lmir L^^'^'^'^^. We 
interpreted this as a strong indication for the obscuring medium 
to be clumpy rather than smoothly distributed and thus appear- 
ing as optically thin in the mid infrared. Moreover, we found the 
slope to be in good agree ment with the theoretical predictions by 
iBeckert & Duschll (|2004 . 



Here we present results from our enlarged AGN sample 
which contains 21 newly observed objects, out of which 17 were 
detected with VISIR. Thus, we can now analyse the mid IR and 
hard X-ray properties of 25 objects. 



; 1. Introduction 

The unification model for active galactic nuclei (AGN) inter- 
prets the different appearance of Seyfert 1 (Syl) and Seyfert 
, 2 (Sy2) galaxies u niquely as the result of an orien tation effect 
■ ( lAntonuccilll993t lBarthe]||l994l: lUrrv & Padovanilil996 ). The 
I central engine is considered to be surrounded by an optically and 
geometrically thick molecular torus. Associated with this torus 
are large masses of dust that supposedly reprocess the X-ray and 
] UV emission from the accretion disk and r e-emit it in the mid 
infrared (MIR) regime dPier & Kroliklll993l) . 

It is thus very attractive to search for correlations be- 
tween IR continuum and hard X-ray emission in order to test 
the unification scenario for AGN. A tight correlation between 
the 10.5 jum continuum and the absorption-corrected 2-10 keV 
luminosities for 8 nearby Seyfert galaxies was reported by 
IKrabbe et all (I2OOII) using 1'.'2 resolution MIR imaging. More 
recentlv. Lutz et al.l (l2004b found a correlation between the rest 
frame 6 jum luminosity and the absorption-corrected hard X-ray 
luminosity for a sample of 71 AGN. This sample was comprised 
of objects for which 24" angular resolution ISOPHOT spec- 
tra and hard X-ray observations were available; in particular it 
does not contain Compton-thick objects. However, the authors 
reported two problems that the unification scenario faces when 
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Table 1. Revisited characterisation of our galaxy sample for Table 2. Characterisation of our galaxy sample for ESO period 
ESO period 75. 77. Columns are as in Table [1] 



Object z Sy i* log ^2-iokeV Scale" Object z Sy ; logL2_iokeV Scale 

[erg/s] [pc] [erg/s] [pc] 



Fairall 9 


0.047 


1.2 


55.7° 


43.87 = 


t0.15 


320 


NGC 526a 


0.019 


1.9 


74.0° 


43.14 = 


tO.lO 


135 


NGC 3783 


0.010 


1.5 


29.9° 


43.21 = 


t0.15 


70 


NGC 4579 


0.005 


L 


39.0° 


41.10 = 


t0.15 


35 


NGC 4593 


0.009 


1.0 


36.0° 


42.93 = 


t0.20 


65 


PKS 2048-57 


0.011 


Ih 


48.4° 


42.84 = 


t0.20 


80 


PG 2130+099 


0.062 


1.5 


63.0° 


43.65 = 


t0.20 


415 


NGC 7314 


0.005 


Ih 


70.3° 


42.20 = 


t0.15 


35 



*Column 4 lists the inclination angles i of the host galaxies on the sky. 
"Column 6 contains the scale we resolve in our observations. 



Throughout this paper we assume Hq = 7 3 km s Mpc , 
Qa = 0.72 and D.^ = 0.24 (ISpergel et al.ll2006l) . 

2. Target selection and X-ray data 

2.1. Target selection 

Our first samp le of VISIR target s (see iPaper Ih was drawn from 
the sample by iLutz et alj (|2004|) . Our criteria were observabil- 
ity at low airmass from Paranal observatory during ESO period 
75, redshifts below 0.1 and coverage of a wide span of hard 
X-ray luminosities in both type 1 and type 2 objects. For the 
present work we have revisited the X-ray properties of these ob- 
jects (see Appendix |A| to account for the most recent obser- 
vations. However, only minor changes had to be applied to the 
luminosities reported in Paper I. The revisited characterisation 
of the sample is given in Table [T] Redshi fts z were taken from 
the NE D, Seyfert types are according to Yeron-Cettv & VeronI 
( 120061) - with L denoting LINER type AGN - and the inchna- 
tion angles / of the host galaxies on the sky were taken from the 
HyperLeda database (Paturel et al. 2003). The last column con- 
tains the linear scale on the plane of the sky that is resolved by 
VISIR, computed for an angular resolution of 0.35", which is a 
typical value for our observations (see TableO. 

For our second sample of objects (listed in Table |2]i, we 
also selected targets not included in the Lutz et al. sample. We 
browsed the literature for relatively nearby AGN (z < 0.1) with 
infeiTed absorption-corrected hard X-ray luminosities that are 
observable at low airmass from Paranal observatory during ESO 
period 77. An additional criterion was the inclination of the host 
galaxy toward the plane of the sky. We set the limit at an inclina- 
tion angle of / = 65° in order to avoid viewing the AGN through 
large amounts of gas in the host galaxy. Note, that two objects 
from our first sample - NGC 526a and NGC 73 14 - do not meet 
this requirement. 

For our target selection we searched the literature for AGN 
with inferred 2-10 keV luminosities. Observations at different 
epochs were taken as an indicator for the intrinsic variability of 
the object. This task requires a lot of care as X-ray observations 
can be of varying quality especially if non-imaging instruments 
are involved. Furthermore, different authors sometimes pursue 
different strategies for fitting the observed data. In general we 
gave higher priority to recent data obtained at the best spatial 
resolution and highest signal-to-noise ratio. Where multi-epoch 
observations are not available we assume a variability / uncer- 
tainty of a factor of 2 (0.3 dex) which is a typical value for our 



MCG-0 1-0 1-043 


0.030 


1.0 


29.9° 


42.50 


+ 


0.15 


200 


Mrk 590 


0.026 


1.0 


25.9° 


43.61 


+ 


0.25 


175 


NGC 1097 


0.004 


L 


51.2° 


40.80 


+ 


0.15 


30 


NGC 4303 


0.005 


L* 


19.1° 


39.16 


+ 


0.15 


35 


NGC 4472 


0.003 


2.0 


50.1° 


< 39.: 


17* 


20 


NGC 4507 


0.012 


Ih 


34.1° 


43.30 


+ 


0.15 


80 


NGC 4698 


0.003 


2.0 


58.7° 


39.08 


+ 


0.30 


20 


NGC 4941 


0.004 


2.0 


53.5° 


41.30 


+ 


0.30 


30 


IRAS 13197-1627 


0.017 


Ih 


55.0° 


42.78 


+ 


0.20 


115 


Cen A 


0.002 


2.0* 


49.1° 


41.68 


+ 


0.15 


7* 


NGC 5135 


0.014 


2.0 


44.8° 


43.00 


+ 


0.50 


95 


MCG-06-30-15 


0.008 


1.5 


60.6° 


42.57 


± 


0.20 


55 


NGC 5995 


0.025 


1.9 


41.3° 


43.54 


+ 


0.15 


170 


ESO 141-G55 


0.036 


1.0 


40.0° 


43.90 


+ 


0.15 


240 


Mrk 509 


0.034 


1.5 


36.3° 


44.10 


+ 


0.15 


225 


NGC 7172 


0.009 


2.0 


57.8° 


42.76 


+ 


0.40 


60 


NGC 7213 


0.006 


L 


28.6° 


42.23 


+ 


0.15 


40 


3C445 


0.056 


1.5 


36.3° 


44.19 


+ 


0.15 


365 


NGC 7469 


0.016 


1.5 


43.0° 


43.15 


+ 


0.10 


110 


NGC 7674 


0.029 


Ih 


24.0° 


44.56 


+ 


0.50 


195 


NGC 7679 


0.017 


2.0 


58.5° 


42.52 


+ 


0.15 


115 



•Refer to subsection |2.2| for details. 



sample. Furthermore we account for a distance uncertainty of 10 
%. 

The main characteristics of the selected AGN are listed in 
Table |2l a more detailed description of the X-ray properties 
of each object can be found in Appendix [A] The classifica- 
tion of all AGN in our sam ple has been done according to 
IVeron-Cettv & VeronI (|2006|) with the exception of NGC 4303 
(see section |T2] l and Cen A which is listed as a possible BL Lac 
object but is commonly referred to as an optical type 2 AGN. For 
the rest of this paper, we summarise Sy types 1.0, 1.2 and 1.5 as 
"type 1" and Sy types 1.8, 1.9, 2.0 and Ih (broad lines detected 
in the polarised spectrum) as "type 2". 

2.2. Peculiarities of individual objects 

While for most AGN the type and distance have been unambigu- 
ously determined, a few objects show significant discrepancies 
in the literature. Therefore, in the following, we will discuss pe- 
culiarities of some individual objects. 

NGC 4303: The nucleus of this object is at the border- 
line between being a Seyfer t 2.0 AGN and a LINER galaxy 
(iFilippenko & Sargenll Il985h . Since it is not evident - al- 
though very likely - that the nuclear X-ray source is an 
AGN, we adopt the classifi cation as a LINER, in contrast to 
IVeron-Cettv & VeronI (l2006l) . 

NGC 4472: This object was erroneously included in our 
sample. An X-ray flux taken from the literature turned out 
to originate in a Ultraluminous X-ray source; the nucleus 
has not been unambi gously detected in the X-rays (but see 
iMaccarone et alJl2003l) . 

Cen A: The redshift of Centaurus A is z = 0.001825. In 
our cosmology this corresponds to a luminosity distance of 7.49 
Mpc. However, the recessional movement of the galaxy is mostly 
peculiar and not due to the Hubble flow. The best available dis- 
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tance est i mate t oward Cen A is li = 3.84 Mpc. It was derived by 
iReikubal ( 1200 4^. using two independent methods: The period- 
luminosity relation for Mira variables and the luminosity of the 
tip of the red giant branch. The uncertainty in Cen A's distance 
together with - by now outdated - different cosmological pa- 
rameters have led some authors to overestimate the luminosity 
of this object by more than one order of magnitude. 

3C 445: This Broad Lin e Radio Galaxy is an in teresting case: 
ISambruna eFall (Il998l) and lShinozaki et alj (l2006h both invoked 
two different absorbing components to fit their respective X-ray 
spectra. Moreover, the ratio of optical reddening to hydrogen 
column density is more than one order of magnitude beneath 
the galac tic value. Thi s indicates an anomalous gas-to-dust ratio 
(Maioli no et alj 20pih . The most recent X-ray observations by 
[Orandi et al. (2007) and lSambruna et all (|2007|) . again, indicate 
the presence of multiple absorbing layers with differing covering 
factors. 

NGC 7674: NGC 7674 appears to be a Compton-thick AGN 
of high luminosity (see Appendix lAl for details). Strictly speak- 
ing, it does not match our target selection criteria as its intrinsic 
hard X-ray luminosity cannot be inferred with good precision. It 
is, however an interesting test case in order to check whether the 
MIR - hard X-ray correlation holds for Compton-thick objects. 

NGC 7679: Another interesting object; being of Seyfert type 
1.9 (broad H(j, line but no broad H/j) one would expect the X-ray 
spectrum to show a low-energy c utoff t y pical for absorbed sys- 
tems. However, in their analvsis IDella Ceca et al.l (|2001() found 
NGC 7679 to appear as a Seyfert 1 in X-rays. Moreover, they 
found evidence for a starburst in the nucleus of this object. 

3. Observations and data analysis 

Our first sample of objects was observed between April and 
August 2005; details on observing conditions can be found in 
iPaper J . The second sample was observed one year later, be- 
tween April and August 2006. We used the standard imaging 
template of VISIR, with parallel chopping and nodding and a 
chop throw of 8". In order to get the best possible angular res- 
olution, the small field camera (0'.'075 / pixel) was used. Bright 
AGN were observed in three filters in order to allow a recon- 
struction of their spectral energy distribution (SED) in the MIR. 
Due to time constraints, faint objects could only be observed in 
one filter. All observations were executed in service mode with 
required observing conditions of clear sky and 0'.'8 seeing or less. 
The average airmass was 1.15, with no observation being exe- 
cuted at an airmass above 1.3. Science targets and photometric 
standards were all observed within 2 h of each other and with a 
maximum difference in airmass of 0.25. For most observations, 
however, differences in both time and airmass are much smaller 
than these values. 

Some exposures had to be re-executed due to changing atmo- 
spheric conditions. In these cases, for each object only the data 
obtained under the best conditions were used for our subsequent 
analysis. A log of these observations is given in Table[3] 

We reduced science and standard star frames using the 
pipeline written by Eric Pantin (private communication) for the 
VISIR consortium. To eliminate glitches, the pipeline applies a 
bad pixel mask and removes detector stripes. Subsequently we 
removed background variations using a 2 dimensional polyno- 
mial fit. For objects observed in unstable conditions we treated 
each nodding cycle separately as the background pattern some- 
times changed between two consecutive cycles. The count rate 
for one full exposure was calculated as the mean of all 3 beams 
from all nodding cycles of this exposure. As an error estimate 



we use the standard deviation of these. In order to minimise the 
effect of residual sky background we chose relatively small aper- 
tures (* 10 pixels = 1'.'27) for the photometry and corrected the 
obtained count rates using the radial profiles of standard stars. 
Finally we calibrated our photometry using the same standard 
stars. The conversion factor counts/s / Jy proved to be very sta- 
ble: for each individual filter, variations were less than 10 % over 
the whole observing period. 

4. Results 

4. 1 . Mid IR properties 

Out of the 2 1 AGN observed with VISIR, 1 7 were detected. They 
are all point-like which means the torus remains unresolved. For 
the 4 non detected objects 3cr upper limits were derived by mea- 
suring the flux of the largest noise-induced signal and assum- 
ing the same PSF as measured for the standard stars. In Table |3] 
the flux or flux Umit and size of the PSF is listed for each ob- 
ject. For sources observed in three filters, we were able to recon- 
struct their MIR SEDs. For a few objects we find indications for 
the presence of the 9.7 /im feature, either in emission or in ab- 
sorption. Looking at our own data and comparing with archival 
Spitzer spectra, we find that in all cases, at wavelengths longer 
than 12yum, the feature hardly affects the observed flux level. 
Possible contamination will be well below 10 %. 

In addition to the central point source, in three sources - 
NGC 1097, NGC 5135, NGC 7469 - we observed clear extra- 
nuclear MIR emission. In all of these objects we find distinct 
blobs of star formation (SF), in addition NGC 5135 and NGC 
7469 also exhibit a weak diffuse component. Typical distances 
between SF blobs and the AGN are 8'.'2 (~ 700 pc) in NGC 
1097, 1'.'5 (~ 400 pc) in NGC 5135 and 1'.'3 (~ 400 pc) in NGC 
7469. In the latter two objects the proximity of the SF compo- 
nents to the AGN does not allow to rule out a significant contri- 
bution of SF to the measured flux of the central point source. By 
comparing the fluxes of individual SF blobs and of the AGN, we 
can estimate upper limits for such contamination. This yields 15 
% for NGC 5135 and 10 % for NGC 7469. These uncertainties 
have been added to the photometric error and are accounted for 
in our subsequent statistical analysis. 

Details on the morphologies and SEDs of all observed ob- 
jects will be presented in a forthcoming paper. We should, how- 
ever, point out that the chopping/nodding technique used for the 
observations would automatically cancel a contribution from a 
smooth and diffuse component extending over an area similar to 
the chopping/nodding throw. 

4.2. The mid IR - hard X-ray correlation 

In order to analyse the correlation between intrinsic hard X-ray 
and mid infrared luminosity, for each object we have taken the 
photometry done closest to our reference wavelength of 12.3 jim 
in rest frame and then converted to said wavelength by assuming 
the SED to be flat in this part of the spectrum. This wavelength 
was chosen as it is close to the peak of the MIR SED in AGN 
and, in addition, is only affected by emission or absorption in one 
of the silicate features at 9.7 /im and 18 yum if these are particu- 
larly strong. Fortunately, there is no indication for such strong 
silicate features in any observed SED. 

The resulting monochromatic luminosity is plotted versus 
the intrinsic 2-10 keV luminosity in Fig.[T] The correlation be- 
tween these two quantities is of high statistical significance; 
after excluding non-detections and Compton-thick objects, the 
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Table 3. Basic observational parameters for all data used from our 2006 campaign. STD and Obj denote parameters for standard 
star and science observations, respectively. The FWHMs are the average of all beams of one exposure. 



Object 


Obs. Date 


Filter* 


FWHM ["] 


Airmass 


Flux 


log Z.l2.3;,m 




(MM-DD) 




STD 


Obj 


STD 


Obj 


[mJy] 


[erg s"'] 


MCG-0 1-0 1-043 


07-13 


Nell 


0.37 




1.014 


1.064 


< 68.0 


< 44.52 


Mrk 590 


08-17 


SIV 


0.29 


0.24 


1.071 


1.094 


75.9 ± 20.9 


_ 


Mrk 590 


08-17 


PAH2 


0.30 


0.27 


1.073 


1.094 


75.0 ±2.1 


- 


Mrk 590 


08-17 


Nell 


0.33 


0.32 


1.075 


1.094 


106.3 ± 13.3 


43.55 ± 0.05 


NGC 1097 


08-07 


Nellrefl 


0.32 


0.37 


1.037 


1.051 


28.2 ±6.8 


41.40 ±0.10 


NGC 4303 


04-15 


Nellrefl 


0.40 




1.155 


1.147 


< 22.0 


< 42.40 


NGC 4472 


04-18 


Nellrefl 


0.34 




1.171 


1.238 


< 77.0 


< 41.62 


NGC 4507 


04-15 


SIV 


0.32 


0.32 


1.151 


1.052 


523.2 ± 24.9 


_ 


NGC 4507 


04-15 


PAH2 


0.33 


0.32 


1.147 


1.049 


589.5 ±21.8 


- 


NGC 4507 


04-15 


Nellrefl 


0.34 


0.34 


1.143 


1.047 


685.0 ±50.1 


43.67 ± 0.03 


NGC 4698 


04-18 


Nellrefl 


0.34 




1.171 


1.196 


< 42.0 


< 42.54 


NGC 4941 


04-19 


Nellrefl 


0.34 


0.35 


1.045 


1.131 


81.3 ±6.0 


41.74 ±0.05 


IRAS 13197-1627 


04-09 


SIV 


0.29 


0.36 


1.012 


1.018 


527.1 ± 17.1 


- 


IRAS 13197-1627 


04-09 


PAH2 


0.32 


0.38 


1.012 


1.021 


674.3 ± 35.8 


- 


IRAS 13197-1627 


04-09 


Nellrefl 


0.34 


0.43 


1.013 


1.023 


875.0 ±45.8 


44.07 ± 0.02 


Cen A 


04-09 


SIV 


0.29 


0.32 


1.012 


1.054 


642.6 ± 26.6 




Cen A 


04-09 


PAH2 


0.32 


0.36 


1.012 


1.055 


946.6 ± 29.2 




Cen A 


04-09 


Nellrefl 


0.34 


0.35 


1.013 


1.056 


1451 ±73.1 


41.80 ±0.03 


NGC 5135 


04-09 


Nellrefl 


0.34 


0.35 


1.013 


1.021 


122.5 ± 12.2 


43.06 ± 0.04 


MCG-06-30-15 


04-14 


SIV 


0.30 


0.32 


1.110 


1.034 


339.2 ±43.7 


_ 


MCG-06-30-15 


04-14 


PAH2 


0.31 


0.33 


1.103 


1.030 


392.5 ±54.1 


- 


MCG-06-30-15 


04-14 


Nellrefl 


0.32 


0.35 


1.096 


1.027 


392.7 ± 49.3 


43.07 ± 0.05 


NGC 5995 


04-14 


SIV 


0.30 


0.37 


1.110 


1.195 


296.8 ± 30.2 




NGC 5995 


04-14 


PAH2 


0.33 


0.37 


1.022 


1.181 


332.9 ± 47.2 


- 


NGC 5995 


04-14 


Nell 


0.37 


0.40 


1.090 


1.169 


421.1 ±60.6 


44.11 ±0.06 


ESQ 141-G55 


05-05 


SIV 


0.37 


0.37 


1.043 


1.206 


160.0 ±21.2 


- 


ESQ 141-G55 


05-05 


PAH2 


0.37 


0.36 


1.045 


1.206 


169.8 ±23.9 


- 


ESQ 141-G55 


05-05 


Nellrefl 


0.37 


0.32 


1.046 


1.207 


169.7 ±47.1 


44.04 ±0.11 


Mrk 509 


06-14 


SIV 


0.47 


0.32 


1.260 


1.253 


226.5 ± 7.7 


- 


Mrk 509 


06-14 


PAH2 


0.39 


0.33 


1.282 


1.270 


235.0 ±21.4 




Mrk 509 


06-14 


Nell 


0.40 


0.38 


1.318 


1.288 


269.0 ±41.7 


44.18 ±0.06 


PKS 2048-57 


05-05 


SIV 


0.37 


0.38 


1.043 


1.199 


590.6 ± 19.4 




PKS 2048-57 


05-05 


PAH2 


0.37 


0.38 


1.045 


1.196 


752.4 ± 45.5 




PKS 2048-57 


05-05 


Nellrefl 


0.37 


0.43 


1.046 


1.193 


1035 ± 107.9 


43.82 ± 0.04 


NGC 7172 


07-09 


Nellrefl 


0.37 


0.35 


1.187 


1.188 


164.9 ±27.1 


42.79 ± 0.07 


NGC 7213 


07-14 


SIV 


0.35 


0.31 


1.031 


1.272 


283.8 ± 6.2 




NGC 7213 


07-14 


PAH2 


0.34 


0.35 


1.034 


1.284 


264.0 ± 38.5 


- 


NGC 7213 


07-14 


Nellref 


0.32 


0.32 


1.040 


1.298 


271.0 ±26.5 


42.67 ± 0.05 


3C445 


07-10 


SIV 


0.29 


0.31 


1.147 


1.129 


168.4 ± 6.7 




3C445 


07-10 


PAH2 


0.30 


0.32 


1.147 


1.135 


184.6 ± 10.4 




3C445 


07-10 


Nell 


0.33 


0.37 


1.148 


1.143 


205.8 ± 27.8 


44.50 ± 0.06 


NGC 7469 


07-12 


SIV 


0.31 


0.38 


1.324 


1.250 


460.0 ± 20.0 




NGC 7469 


07-12 


PAH2 


0.33 


0.41 


1.334 


1.243 


487.3 ± 38.6 




NGC 7469 


07-12 


Nellrefl 


0.34 


0.37 


1.344 


1.237 


626.9 ± 34.7 


43.92 ± 0.02 


NGC 7674 


07-13 


Nell 


0.38 


0.44 


1.150 


1.199 


506.3 ± 29.4 


44.31 ±0.02 


NGC 7679 


07-10 


SIV 


0.28 


0.24 


1.147 


1.140 


42.4 ± 13.0 




NGC 7679 


07-10 


PAH2 


0.30 


0.18 


1.147 


1.143 


43.3 ±6.6 




NGC 7679 


07-10 


Nellrefl 


0.32 


0.41 


1.147 


1.146 


45.6 ± 18.3 


42.82 ±0.15 



*The central wavelengths for the individual filters are 9.82 yum for SIVref 1, 10.49 lum for SIV, 1 1.25 for PAH2, 
1 1.88 yum for PAH2ref2, 12.27 //m for Nellrefl and 12.81 lum for Nell. Their transmission curves are shown in the 
VISIR User Manual at http://www.eso.org/instruments/visir/ 



Spearman rank coefficient (ISpearmanll 1 9041) is p = 0.90 at a sig- 
nificance level of 7.3 x 10"^. We can, therefore, safely reject the 
null hypothesis of no intrinsic correlation. The best power-law 
fit to the whole sample, excluding NGC 526a and NGC 7314 
because of the large inclination angles of their host galaxies 
and thus consisting of 10 type Is, 11 type 2s and 4 LINERs, 
is logLMiR = (-1.61 + 1.85) + (1.04 + 0.04)logLx. For all ob- 
jects not detected with VISIR, the 3cr flux limits are compatible 



with this correlation, including the two low luminosity objects 
NGC 4303 and NGC 4698. 

It is important to note, that while the extended sample further 
strengthens the statistical significance of the coiTelation we had 
found in our first sample jPaper J) , the slope of the coiTelation 
has changed considerably. After excluding NGC 4579 due to its 
peculiar nature, our first sample yielded Lmir <^ 22 ^yjjjQjj 

is consistent with our new slope at the 3cr level. The discrepancy 
in slope is caused by our first sample being small and containing 
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Fig. 1. Correlation of MIR and absorption-corrected hard X- 
ray luminosities for our VISIR sample. Blue squares are type 1 
Seyferts (type 1.5 or smaller), red diamonds are type 2 Seyferts; 
green triangles are LINERs. The two galaxies with large incli- 
nation angles (see section im i are marked by a red square. Well 
resolved objects (see section 15.11 for details) are marked by a 
black circle. These have been used for the displayed power-law 
fit (dashed line ); the dotted line is the best fit to our first sample, 
as discussed in jPaper 1 Arrows indicate either upper limits to the 
MIR luminosity or lower limits to the X-ray luminosity; the ar- 
rows' colour code corresponds to the one of the other symbols. 
Note that NGC 4472 is not shown here since neither its X-ray 
nor MIR luminosities could be determined. 



some objects (i.e. PKS 2048-57) which are off the correlation we 
find for the enlarged sample . The latter agrees \y ell with the re- 
sults o f the earlier studies bv lKrabbe et al.l (l200ll) and lLutz et al.l 

JIool . 

One concern with correlations between luminosities is that 
they may be caused by a redshift bias in the data. We tested for 
this possibility in two ways. First of all, we analysed the formal 
correlation between MIR and hard X-ray fluxes. The resulting 
Spearman rank coefficient is p = 0.52 at a significance level of 
0.01. This means that the correlation is rather weak but, nev- 
ertheless, highly significant. Secondly, we tried to reproduce the 
observed correlation between luminosities with randomly gener- 
ated mock data. For this, we assumed X-ray and MIR flux values 
to be uniformly distributed over the range of observed ones, for 
the distances we tried both a uniform and a normal distribution 
with no significant change in the result: After generating 10** 
mock datasets, a rank coefficient of p > 0.89 for the MIR - hard 
X-ray correlation was found with a frequency of less than 0. 1 
%, a significance level of less than 7.4 x 10"^ with a frequency 
of less than 0.15 %. The combination of both results - the high 
significance of the flux - flux correlation and the low probability 
of reproducing the obserevd luminosity - luminosity correlation 
with non-correlated data - implies that we can safely assume the 
correlation to be real and not caused by a redshift bias in our 
data. 

In Fig. |2] we show the luminosity ratio Lmir/^^x vs the in- 
trinsic column density Nh toward the AGN. There is no corre- 
lation discernible between the two displayed quantities. Neither 
do we find a significant dependence of the luminosity ratio on 
Seyfert type: {logLMiR -logLx) is (0.38 +0.31) for type Is, 
(0.44 + 0.45) for type 2s and (0.61 ±0.17) for the three de- 
tected LINERs in our sample. We tested for a possible depen- 




Fig. 2. Luminosity ratio Lmir/Lxvs intrinsic column density 
Nh- Symbols and colours are as in Fig. [T] Compton-thick ob- 
jects are displayed as red arrows, non-detections in the infrared 
have been omitted. They would be positioned outside of the dis- 
played region, toward higher luminosity ratios. Objects with no 
measured intrinsic absorption have been placed at Nh = 10'^'^ 
cm"^ for clarity. 



dence of luminosity ratio on column density by computing the 
Spearman rank coefficient for it. With a result of p = 0.13 at 
a significance level of 0.54, we find no evidence for a corre- 
lation between the two quantities. Furthermore, we performed 
a Kolmogorov-Smirnov test for the luminosity ratios of type 1 
and type 2 Seyferts. The maximum difference in the cumula- 
tive distribution function is 0.2 and the significance level 0.97 
which means both samples very likely originate from the same 
parent distribution. These numbers confirm the result from our 
first study that type Is and type 2s follow the same Lmir - Lx 
correlation and have the same average luminosity ratio. 

5. Discussion 

5.1. Contamination 

A potential problem for our study is contamination by extra- 
nuclear emission. This is primarily important in the mid infrared. 
AGN of moderate to high luminosities should always dominate 
their hosts in the 2-lOkeV band. In the mid infrared, on the other 
hand, star formation and also Narrow Line Region (NLR) clouds 
can significantly contribute to the total flux. 

First of all, the high angular resolution (see Tables [T] and |2] 
for the physical scales we resolve) cuts away most of the star for- 
mation. The off-nuclear emission we find in three of our objects 
(see section l4n ) is at distances from the AGN that are resolved 
even in the most distant objects of our sample. Therefore, we are 
confident that emission from SF regions does not heavily affect 
our measurements. 

The NLR, however, remains unresolved in most of our 
sources. The case of NGC 1068 shows that this may be 
a problem, as very accurate MIR photometry of this object 
jGalliano et al.ll2005l) show the NLR clouds to contribute almost 
50 % of the nuclear MIR emission. Fortunately, three of our de- 
tected sources, namely NGC 4579, NGC 1097 and, most im- 
portantly, Cen A, are at comparable or even smaller distances 
than NGC 1068 and do not show any additional nuclear com- 
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Fig. 3. Luminosity ratio Lmir/Lxvs resolved physical scale in 
units of rsub- Symbols and colours are as in Fig. [T] As in Fig. 
121 Compton-thick objects are displayed as red arrows and MIR 
non-detections have been omitted. The vertical dashed line indi- 
cates a resolution of 560 ■ r^ub above which the luminosity ratio 
rises. 



ponents. In order to test whether less well resolved sources are 
affected by extra-nuclear emission, in Fig. [3] we have plotted the 
MIR / X-ray luminosity ratio over the resolved physical scale, 

1 /2 

expressed in units of the dust sublimation radius r^ub °^ i'boi ■ 
We here assume the accretion disc's bolometric luminosity to 
be Lboi - 10 ■ Lx which is a typical value for Seyfert galaxies 
jVasudevan & Fabianll2007l) . Interestingly, for observations for 
which the size of the PSF at FWHM (in pc) is less than 560 ■ r^ub, 
there is no case with Lmir/^-x > 0.4, while this is the case for all 
but two objects with FWHM (pc) > 560rsub- The mean luminos- 
ity ratios for the well resolved and the less well resolved sources 
are (0.11 ± 0.19) and (0.65 + 0.27), respectively. This rise indi- 
cates that some of our less well resolved sources are, indeed, 
affected by contamination, despite our high angular resolution. 

We have, therefore, recalculated the mid IR - hard X-ray 
correlation, only using well resolved objects with FWHM (pc) / 
Tsub ^ 560 (encircled objects in Fig.[Tll- The resulting log Lmir = 
(-3.89 + 3.68) + (1.09 + 0.09)logLx is in very good agreement 
with the correlation found for the whole sample. This method al- 
lows us to say with some confidence that objects situated close to 
this fit (dashed line in Fig.[T]) are not affected by contamination. 
Interestingly, for the well resolved sources we find the correla- 
tion between the measured fluxes to be much stronger than for 
the complete sample. Its Spearman rank is p = 0.92 and the sig- 
nificance level = 5 X 10 This is another indication that these 
fluxes are mostly free of contamination. 

The SF region we find in three of our objects and also Fig. 
[3] illustrate the need for high angular resolution MIR studies for 
testing AGN models. Even using 8m-class telescopes, a good 
sample selection is crucial to avoid contamination by non-AGN 
emission. Furthermore, this indicates that the high scatte r in the 
mid IR - hard X-ray correlation found by iLutz et akl (|2004|) 
may, indeed, be caused by the poor angular resolution of their 
ISOPHOT data. 

Despite the difference in slope we have found in lPaper j . we 
again find NGC 4579 - the object we had excluded from the 
power-law fit in our first study - to lie off the correlation (see 
Fig.D. 



5.2. Is the torus clumpy or smooth? 

There has been a long-going debate over whethe r the matter in 
the obscuring tori in AGN is distributed smoothly (Pier & Kroli^ 
1992) o r arranged in clumps ( Krolik & Begelman 1988). In 
Paper II we argued that type 1 and type 2 nuclei having the same 



Lmir/Lx ratio, is a strong argument for the torus to be clumpy. 
This point is strengthened by our current study not only due to 
the improved number statistics but also due to the larger range of 
column densities we probe. As discussed in section |4j2] the ra- 
tio Lmir/Lx shows no dependence on Nh - and so over 4 orders 
of magnitude in Nh (see Fig. |2]i. Even the two Compton-thick 
objects in our sample, NGC 5135 and NGC 7674 seem to have 
roughly the same value of Lmir/Lx as the rest of our sample. For 
these objects, however, strong conclusions cannot be drawn, as 
their X-ray luminosities can only be estimated to an uncertainty 
of one order or magnitude. 

For an optically thick smooth t orus, a much higher L mir/Lx 
is expected for Sy Is than for Sy 2s. |Pier & Krolikl(fT993l) expect 
a difference of one order of magnitude for a change of A^h from 



10 



20 



to 



10 cm . The reason for this is that in Sy 



2s the observer sees the emission from the cold dust in the outer 
part of the torus, while in Sy Is one can see its hot inner part as 
well. This prediction is not compatible with our results. 

It is important to note that the similarity between Sy types 
still holds if we only regard objects with FWHM (pc) / rjub < 
560. For these we find (log Lmir - logLx) to be (0.15 + 0.15) 
for type 1 s and (0.07 + 0.25) for type 2s^ 

Models of clumpy tori ([Nenkoya et al.l 120021; 

iDuUemond & van Bemmelf 120051: iHonig et al.1 120061) do not 
predict a diff erence in L m ir/Lx between different Sy types. 
In particular, Ho nig et aTl (l2006l) . using 3D radiative transfer 
modelling, showed that clumpy tori can appear as optically 
thin in the MIR with most of the radiation originating in the 
innermost part of the torus. In their model individual clouds 
are optically thick but their volume filling factor is small. 
Our observational results clearly prefer this kind of models to 
smooth ones. 

Recently, iRamos Almeida et al.l ( |2007|) reported to have 
found a difference in (logL^js/j^ - logLx) between type 1 and 
type 2 objects. For their analysis, they use ISOCAM data first 
published by Clavel et al. (2000) and the X-ray data that was 
compiled bv lLutz e t al. (200 4j). Despite the brightness profile de- 
composition |Ramos^Alm£id£etal] (|2007|) performed their data 
may still be heavily contaminated by nuclear star formation. 
Among our own data, in the two cases of NGC 5135 and NGC 
7469 we find that within 3" from the nucleus, SF contributes at 
least 43 % and 45 % of the total flux at 12.3 ^tm, respectively. 
Also the fact that the luminosity ratios iRamos Almeida et al.l 
(I2007h derive are ~ 8 larger than what we find for our well re- 
solved objects - and despite their shorter observing wavelength 
in the IR - indicates that they are probably affected by contam- 
ination and the MIR fluxes they report are likely not dominated 
by torus emission. 

5.3. The slope of the correlation and the shape of the torus 

As the mid IR radiation is accretion disc emission reproduced by 
the dusty torus, Lmir and Lx are directly linked to each other via 
the covering factor fc of the torus: 



-^MIR 



fcLx 



(1) 
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Fig. 4. Luminosity ratio Lmir/Lx, plotted over Lx- Colours and 
symbols are as in Fig. [T] Black circles mark well resolved 
sources with FWHM(pc) / rsub < 560 (see section ISTI and Fig. 



Thus, our best- fit result implies fc /,^04±o.04 rpj^j^ means 
that we do not find any dependence of Lmir/^x on Lx which is 
also illustrated by Fig. 4. This result does not match t he expecta- 
tions from the r eceding torus model ( Lawrencdll991) for which 
ISimpsonI (l2005h found the fraction of type 2 AGN /2 to depend 
on AGN luminosity as /2 oc Lj^"-^^ for Lx ^ ~ 7x lO'^-' erg s"' . 
The basic assumption of the unified scenario is that /a ~ fc- The 
dependence derived by Simpson would, thus, yield a correlation 



fc 



which disagrees with the slope we find by more than 



7cr. Note, however, that we do not probe the Quasar regime of 



luminosities, i.e. for a break luminosity Lq > 10 erg s 



receding torus model would, again, agree with our results. 

One possibility to reconcile our findings with the obvi- 
ous^ dependence of the type 1 fraction on AGN luminosities 
jSimpson 2005, and references therein) would be that a signif- 
icant number of Compton-thick AGN at moderate luminosities 
(L2-iokeV - lO'*-' ~ lO**"* erg s"') have been missed in hitherto ex- 
isting X-ray surveys. The existence of a population of Compton- 
thick AGN has also been suggested hy X-ray surveys (e.g. the 
COSMOS survey, Hasinger et al. 200 j). X-ray ba ckground syn- 
thesis (e^gJGilH et al. 2007; Gandh iet all l2007h a nd IR sur- 
veys (Martmez-Sansigre et al...2005.) . Very recentlv. lUeda et al] 
(I2OO7I) randomly selected two AGN out of those first detected 
by Swift to be observed with Suzaku and found both of them to 
be highly obscured. This is anoter indication for the existence 
of a large population of Compton-thick AGN at moderate lumi- 
nosities. 

5.4. Tori at low luminosities? 

In paper I we found some indications that a different physical 
mechanism, other than re-radiation of the accretion disk emis- 
sion, is dominating the MIR emission in AGN with Li-iokev < 
10"*^ erg s"'. This matches theoretical predictions that have been 
pu bhshed subsequently. Inter estin gly, the very different ni odels 



pu pusnea subsequently , interestm giy, tne very ame rent moaeis 
bv lElitzur & Shlosmanl (|2006|) and faonig & BeckertI (|2007|) both 
predict the collapse of the torus below Lboi ~ 10^^ erg s"'. In 
our new sample, however, the indications for this effect are less 
pronounced. We do see a tendency for objects with low X-ray 
luminosities to depart from the MIR - hard X-ray correlation. 



but this without statistical significance. Thus, while in principle, 
our approach is well suited to test these predictions, our current 
sample is not sufficient for this task. Future observations are re- 
quired to test down to what luminosities the classic picture of 
AGN can be applied. 

6. Conclusions 

We have presented new high resolution mid infrared photometry 
of 17 AGN, increasing our total sample to 25 detected and 4 
non-detected objects. We have found angular resolution to be a 
crucial requirement for our study as poorly resolved sources can 
be heavily contaminated by non-AGN emission in the mid IR 
band. 

The rest frame 12.3//m luminosities Lmir of our well re- 
solved sources strongly correlate with their rest frame 2-10 keV 
luminosities Lx, matching the expectations from the unified sce- 
nario for AGN. With a probability of 97 %, type 1 and type 2 
Seyferts have the same distribution of Lmir/Lx. This similarity 
is most probably intrinsic to the AGN and not caused by extra- 
nuclear emission contaminating the MIR flux. These results have 
two important implications: 

- As we do not find the offset in Lmir/Lx between type Is 
and type 2s, predicted by smooth torus models, AGN tori 
are likely to be clumpy. The volume filling factor of these 
clumps has to be small in order to reproduce our results. 

- At a 7cr level, the slope of the correlation is not c ompatible 
with th e predictions of the receding torus model bv lSimpsonI 
(I2005h . We suggest that the break luminosity for this model 
is higher than hitherto assumed. A population of Compton 
thick AGN at moderate luminosities being missed in current 
X-ray surveys could resolve this problem. 



the question, whether AGN at low luminosities, with Lboi 



10 erg s~ have a qualitatively different appearance than ob- 
jects of higher luminosities, remains open. Fortunately, we have 
recently been awarded time to observe a sample of 14 heavily 
obscured (A^e = lO^'* ~ 10^^ cm"^), mostly low luminosity AGN 
with VISIR which may help to shed light on this issue. 
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Appendix A: X-ray properties of individual objects 

A.1. X-ray data for the P75 sample 

Fairall 9: With XMM-A^ewfow. lGondoin et al.l(l2001h measured a 
hardX-rayfluxofF2-i()kev = (1.56 + 0.33) x 10"" erg s"' cm-^. 
From the compilation of earlier measurements shown in their 
paper, we can estimate t he peak-to-peak variability / unce rtainty 
to be of the order of 2. lYaqoob & PadmanabhanI (|2004|) report 
a flux of f2-iokeV - 2.2 X 10~" erg s^' cm~^., obtained with 
Chandra. Within errors, this is still consistent with Gondoin et 
al.'s measurement. From these fluxes and the reported hydrogen 
column density of A^h - (3.0 + 0.2) x lO^*' cm"^, we calculate a 
luminosity of La-iokev - 7.43 X 10^"^ erg s"'. 

NGC 526A: For this object, unfortunately, no observations 
with Chan dra or XMM-Newton have been published. Using 
geppoSAX. lLandi et al . (2001) measured Fj^uw.v = 1.8x10"" 
erg s"' cm-2, absorbed by A^h = (1.33 + 0.15) x 10^^ cm"^. 
Another observation o f NGC 526A wifl i the RXTE satellite 
has been performed by iRevnivtsev et al.l |2004). Extrapolating 
their 2-9 keV count rate yields Fi-iokev = 2.7 x 10"" erg s"' 
cm"^. Both observations are consistent with each other if we 
assume an uncertainty of 0.2 dex. The resulting luminosity is 
i2-i0kev = 1.37 X 10« erg s-1. 

NGC 3783: This o bject was observed with XMM-Newton 
bv lBlustin et al.l (l2002h who report an intrinsic flux of Fa-iokev = 
8.5 X 10"" erg s"' cm"^ which corresponds to Li-iokev = 1.61 x 
10'*-' erg s"'. The galactic absorption toward NGC 3783 is A^h = 
8.7x10^" cm"^. The intrinsic warm absorption can be ignored for 
our purpose as it hardly aff'ects the 2-10 keV band. Variability of 
this source is in dicated by comparin g the flux given above to the 
one reported b v iMalizia etall d 1 9971) (fj-'iokeV " 4.09x10"'" erg 
s"') which is about five times higher. Due to the higher quality 
of their data, we will use the results from iBlustin et al.l (120021) 
and allow for a variability / uncertainty of 0.3 dex. 

NGC 4579: This object has been observed multiple times 
(Terashima et al." 19981 iHoeLalJ |200ll iDewangan etall 120041; 
Cappi et al. 2006) with most of the results being in good agree- 
ment with each other. We here adopt the results of Cappi et 
al. - L2-iokeV = 1.26 X 10"*' erg s"', A^h < 2 x 10^° cm"^ _ 
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w hich were obtained with XMM-Newton. The luminosity stated 
by 'Dewangan et al.' ('2004') is lower by factor of 10. This, how- 
ever, seems to be a typographical error as all measured fluxes 
are consistent. A statistical uncertainty of 0.3 dex is assumed 
to account for the different results on L2-iokeV among the other 
authors. 

NGC 4593: The two most reliable data sets for this object are 
from Reynolds et al. (2004) and Shinozaki et al. ( 2006), both ob- 
tained with XMM-Newton. They agree within errors. We adopt 
the values provided by Shinozaki et al.: A^h - 1-69 x 10^° c m~^ 
andL2-iokeV = 8.60 x 10**^ erg s'^ ISteenbrugge et al.1 (l2003h ob- 
served NGC 4593 with both XMM-Newton and Chandra. While 
the Chandra result (L2-i()keV = 8.91 X 10"*^ erg s"') is in good 
agreement with the one cited above, the luminosity measured 
with XMM-Newton was higher (^2-iokeV — 

1.2xl0'*^ergs-i). 

This may be due to intrinsic variability of the source. We can 
account for this wi th an uncertai r ity of 0.4 dex. 

PKS 2048-57: iRisaliti et alJ (120021) . observing with ASCA, 
infen-ed A^h = (2.37 + 0.20) x lO^^ cm'^ and F2-iokeV = 2.65 x 
10"" erg s"' cm"2, the latter yielding L2-iokeV = 6.88 x 10"*^ 
erg s~^. An independ ent analysis of archival ASCA data by 
iHeckman et"!!] (|2005[) vields L2-iokeV = 2.88x10"*^ erg s after 
conversion to our Cosmology. T hese results are consistent if we 
consid er variabihty of the source: lGeorgantopoulos & PapadakisI 
(1200 lb report a flux variation by a factor of almost two within 
one week of observation. For our study we use the results by 
Risaliti et al., allo wing for a luminosity unc ertainty of 0.4 dex. 

PG 2130-H099: ILawson & Turneij ( [1997 ) find this object to 
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be unabsorbed and emit f2-iokeV - 5.3 x 10 " erg s " cm 
and th us L2-iokeV - 4.50 x lO'*-' erg s More recently. iGallol 
(120061) observed PG 2 1 30+099 with XMM-Newton and obtained 
^2.5-10 = 0.31 X 10"" erg s"' cm"^. Using the luminosity value 
from Lawson & Turner and assume an uncertainty of 0.4 dex, 
this is in good agreement with Gallo's result. 

NGC 731 4: Th is object was observed with XMM-Newton 
by [shinozaki et alJ (12006). After converting their result to our 
Cosmology, we get L2-iokeV = 1.5 x lO"*^ erg s"' and a col- 
umn density of A^ h - (7 -2 ± 1) x 10^' O l der obse r vation s 



by [Malizia e tlD (Il997h; iTurner et al.1 (Il997h : iRisalitil (l2002h : 



by Lw - 

IRisaliti et al.l (l2002h and lKraemer et alJ (l2004l) are in good agree- 
ment with these numbers if one accounts for the different cosmo- 
logical parameters used. 

A.2. X-ray data for the P77 sample 

MCG-0 1-0 1 - 43: T his object was observed with ASCA by 
iTurner et al.l d 19971) . They report A^h = 3.27+2 ^"* x 10^° cm^^ 
and a luminosity that - corrected for the different Cosmologies 
used - translates to L2-iokeV = 3.5 x lO'*^ erg s"'. This measure- 



ment is backed up by INTEGRAL observations dEbisawa et alj 
l2003h where JEM-X measures F3_iokeV = 1.55 x 10'^ erg s"' 
cm"^. This yields L3_iokev = 2.84 x K )"^^ ergs"'. ^ 

Mrk 590: With XMM-Newton, iGallo et al.1 (!2006) esti- 
mated a 2-10 keV luminosity which, in our Cosmology, yields 
i'2-iokev - 6.6 X 10'*^ erg s"'. This is in good agreement 
with the results of a combined Chandra and XMM-Newton 
programme^b^ Longinotti et al. (2007) (L2-iokeV - 8.9 x 10^^ 
erg s '). IShinozaki et al.l (120061) . on the other hand, having ob- 
served Mrk 590 with XMM-Newton as well, report a luminos- 
ity of L2_iokeV = 4.1 X lO''^ erg s"' (after conversion to our 
Cosmology). Here, we will use Longinnotti et al.'s result and 
allow for an un certainty of 0.5 dex. 

NGC 1097: llvomoto et alj (Il996l) observed this object with 
ASCA and retrieved A^h = l-3+°-^ x 10^' cm^^ and /^2-iokeV = 



1.7 X 10"- erg s 
6.18 X 10^" erg s" 
with 



' cm ^, the latter corresp onding to L2-iokev = 
. iNemmen eTal] ( l2006l) observed NGC 1097 
Chandra and report A^h - 2.3'^^^ x 10^" cm"^ and 
■F2-iokeV = 1.73 X 10"'^ erg s"' cm"^. We will adopt these results 
for our analysis. 

NGC 4303: This low-l uminosity AGN was observed by 
iJimenez-Bailon et~aLl (l2003l) . using the Chandra telescope. The 
nuclear source does not show intrinsic absorption, thus the galac- 
tic value of A^H = 1.67 x 10^" cm"^ is adopted. The unabsorbed 
flux is F2-iokeV = ^-^-Qf, ^ 10"'"* erg s"' cm"^. This corresponds 
to a luminosity of L2 -iokev = 1-44 x lO-'^ erg s"'. Note, that 
iJimenez-Bailon et al.l (|2003) cannot exclude the possibility that 
the nuclear X-ray source of NGC 4303 is a binary system instead 
of an AGN. They come, however, to the conclusion that this is 
unlikely. 

NGC 4472: This object, unfortunately, has not been detected 
in the hard X-ray band so far. The m ost stringent upper limit 
to its flux is from'Panessa et al.l (12006^ : F2-iokeV < 6.6 x 10"'"* 
erg s"' cm"^ 
1.48 X lO^"^ 



lOkeV 



. The corresponding luminosity limit is L2- 
erg s This is in agreement with the 3cr detec- 
tion in the soft band bv lSoldatenkov et al] ( l2003h who measured 
io.5-2.5keV = 1 .7 X 10^^ erg s~' . Whether this source is dominated 
by a star-burst or suffers from Compton-thick absorption is still 
under investigation. 

NGC 4507: For this object the estimates for the hydrogen 
column density vary significantly. An average value is the one 
estimated by Bassani et al. (1999): A'h = (2.92 + 0.23) x 10^^ 
cm"^. The resulting absorption-corrected flux is F2-i{)keV = 
7.03 x 10"" erg s"' cm"l This yields L2-iokeV = 2.0 x lO"*^ erg 
s"'; we assume an unc ertainty of 0.3 dex - this also matches the 
variability observed bv'Georgantopoulos & Pap adakisI (1200 lb . 

NGC 4698: Thr ee Chan dra observat ions of this object have 
been publi shed, by Cappi et al. (2006|); iGonzalez-Martm et al.l 
(i2006i) and iPanessa et all (l2006i) . Cappi et al. report A^h < 4 x 
10^' cm"^ and L2-iokeV = 1.59 x 10^^ e rg s"'. If we use the 
distance to NGC 4698 from lTuUvl (11988) which was also used 
by Cappi et al. the flux measurements by Panessa et al. and 
Gonzalez-Martin et al. yield L2-i{)keV = 1-54 x 10^^ erg s"' and 
i'2-iokev - 4.90 X lO-'^ erg s"', respectively. As all three ob- 
servations seem to be of comparable quality we adopt a mean 
luminosity of L2-iokeV = 1-21 x lO"*^ erg s"' and an uncertainty 
of 0.6 dex. 

NGC 4941: lMaiolino etal.l (Il998l) present BeppoSAX obser- 
vations of this object. Their best fit results are A^h = 4v5^4X 10^^* 
cm"2 and L2-iokeV ~ 2 x 10"*' erg s"'. Risalitil (|2002|) com- 
plements the BeppoSAX data with ASCA observations. From 
these he draws the conclusion that the absorbing column is actu- 
ally Compton-thick. Terashima et al. (2002) also find A^h ~ 10^"* 
cm"^ and attribute the difference between their and Maiolino et 
al.'s result to variability of the absorbing column. We therefore 
consider the uncertainty of Maiolino et al.'s result to be large and 
assume 0.6 dex for the luminosity. 

IRAS 13197-1627: T he most recen t X-ray observation, us- 
ing XMM-A^ewton is by iMiniutti et"an (|2007b). They report a 
hydrogen column density of A^h - (3.9 + 0.4) x lO^-* cm"^. If 
we convert the absorption-corrected luminosity they infer to our 
Cosmology we get -L2-iokeV = (0.6 + 0.2) X lO"*^ erg s"' . Miniutti 
et al. also estimate the true intrinsic luminosity of the AGN by 
multiplying the reflection fraction. After correcting for the dif- 
ferent Cosmologies it is i-2"-iokeV ~ *^3.9 + 2.6) x lO''-' erg s"'. 
The first value is also consistent with Z^2- iokeV - 0-37 x lO^ferg 
s"' as resulting from the flux reported bv lBassani et al. l (fT999h - 
even though these authors assumed a much higher column den- 
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sity of A^H = (7.6 ± 1.3) x lO^-' cm"-. For our further analysis 
we will adopt Miniutti et al.'s absorption-corrected luminosity 
^2-iokeV and take the conservative assumption of an uncertainty 
of 0.4 dex. 

Cen A: Observ ations with Chandra and XMM-Newton by 
lEvans et al] (|2004|) yield an absorbing column of A^h ~ 10^^^ 
cm"^ and an intrinsic luminosity of La-iokev = 4.80x10"*' erg s"' 
with a peak-to-peak variability by a factor of < 2. This is con- 
sistent with older estimates by iGrandi et al.l ( l2003h (F2-iokev - 
3.8 xlO''°ergs'' cm-^ yielding Li-iokev = 6.71 X lO^' erg s"') 
and|Risaliti| (l2002h (A^h ~ 9 x 10^^ cm ^). We adopt the lumi- 
nosity from Evans et al. and the absorbing column density from 
Risaliti. 

NGC 5135: rLevenson et 311 (12004) observed NGC 5135 with 
Chandra. They find A^h > 10^"* cm"^. From the flux of the Iron 
Ka line they estimate the intrinsic hard X-ray luminosity to be 
i'2-iokev ~ 1 X lO"*"* erg s"'. To account for the high uncertainty 
of the luminosity estimate, we will set it to 1 .0 dex. 

MCG-06-30-15: This source has been extensively studied 
due to its pr ominent, relativistically-broadened Iron Ka line 
(e.g. lTanaka et al. 1989; Fabian et al. 2003). A dusty warm ab- 
sorber with an equivalent neutra l column density of a few xlO^' 
cm~^ is known to be present tReynolds et aljn~997l; iLee et al] 
l200lh. Extrapolating the latest 3-45 keV Suzaku X-ray data 
jMiniutti et alj|2007al) to 2-10 keV results in an intrinsic power- 
law luminosity of L2-iokeV - 3.7 x 10"*^ erg s"'. The source is 
known to vary significantly; we have thus used time-averaged 
measurements for the above calculation, and also assign a vari- 
ability / uncertainty of 0.4 dex. This is also consisten t with an 
INTEGRAL/JEM-X measurement by Beckmann et al. (2006). 

NG C 5995: This object was observed by Panessa & Bassani 
(120021) . using the ASCA satellite. They find A^h = 9.0+°| x lO^' 

cm and (after conversion to our Cosmology) L2-iokeV — 

3.48 X 

10"*^ ergs-i. 

ESQ 141-G55: This object was observed with XMM-Newton 
by lGondoin et alj (l2003i) . They find the absorption to be Galactic 
with A^H = 5.5 X 10^" cm"^. After we correct the luminosity they 
determine for the slightly different redshift and cosmological pa- 
rameters we u se, we end up w ith L2-i()keV - 8.01 x lO'*-' erg s"'. 

Mrk 509: IShinozaki etal] (^006) observed this AGN with 
XMM-Newton and find an intrinsic absorption of A^h < 4.8x 10^" 
cm"^ and (after correcting for slightly different Cosmology and 
re dshift) L2-iokev = 1.3 x lO"'"* e rg s"'. A Chandra observation 
by lYaqoob & Padmanabharil (12004) yields compatible results. 

NGC 7172: Intrinsic luminosity and column density esti- 
mates for this source sho w a surp r ising r ange of variation. From 
BeppoSAX observations. iDadinal (|2007|) infers A^h = 1.1 x 10^' 
cm"^ (although this seems to be underestimated by a factor of 
100 due to a typographical error) and F2-iokeV - 8. 9 x 10~'^ erg 
s~' cm ~-^, yielding L2-iokeV = 1.33 x 10"*^ erg s' MAwaki et alj 
(120061) on the other hand report Nu ^ (8.3 + 2) x 10^^ cm ^ 
andL2-iokeV = 5.8 x lO'*^ erg s ' . iRisaliti et all (l2002h compiled 
observations of NGC 7 1 72 that had been executed between 1985 
and 1997. Column densities range between (7 ~ 1 1) x 10^^ cm"^ 
and absorption corrected fluxes between (0.9 ~ 7.7) x 10"" erg 
s"' cm"^ with a weak trend toward lower fluxes with time. For 
our study we adopt the results of Awaki et al. as they are inter- 
mediate ones. A high variability of NGC 7172 in the hard X- 
ray ba nd has been observed by iGeorgantopoulos & PapadakisI 
(1200 lb who report a flux variation by a factor of ~ 6 within one 
week of observation. To account for this we set the uncertainty 
to 0.8 dex. 

NGC 7213: This object has been observed repeatedly by 
X-ray satellites. The most recent results have been reported by 



IStarUng et alj (l2005h from XMM-Newton observations (Galactic 
A^H = 2.04 X lO^o cm-2, L2-iokeV = 1-7 x 10^2 erg s"'), 
Zhou & Wang (2005), reanalysing ar chival XMM-Newto n data 
(i2-i0kev = i.68 X lO'*^ erg s^' and lBianchi et all (12004 ) who 
performed simultaneous observations with XMM-Newton and 
BeppoSAX (Nh = 2.04 x 10^° cm'^, L2-iokeV = 1.72 X 10^2 
erg s"'). The agreement of these studies is very good. We will 
use the arithmetic mean of these three luminosity estimates. 

3C 445: The three most recent observations of 3 C 445 were 
all carried out with XMM-A^ewfo«; IShinozaki et af] ( l2006h mea- 
sured A^H = 1-32^0 2 ^ ^^^^ cm"2 _ jn q^j- Cosmology - 
i2-iokev = 2.6 X lO-*"* erg s '. lGrandi et"ai] (l2007h find A^h = 
cm and an unabsorbed flux of /^2-iokeV — 1.7x10-" 
erg s"' c m-2 which translates t o 1.2 x lO"*"* erg s"'. The observa- 
tions by Si^ranaitil] (|2003) yield A^h = 2.25+°-^2xio23 cm-2 
and, after conversion to our Cosmology, L2-iokeV - 8.1 x 10''"' 
erg s"' . Given the complexity of the source, these numbers agree 
very well. We therefore use the mean values. 

NGC 7 4 69: From XMM-A^evvfo« observations 
IZhou & Wan j (l2005h derive a luminosity of L2-iokeV = 
1.2 9 X lO''^ erg s"'. N GC 7469 was also observed with Chandra 
by I Jiang et al] (l2006l) who find a purely Galactic absorption 
of A^H - 4.9 X 10^° cmr^. After coiTecting for the diff'erent 
Cosmology we use as well as for a slightly different redshift, 
the luminosity they estimate, translates to L2-i()kev - 1.46 x lO''-' 
erg s~' . This is in good agreement with the result of Zhou & 
Wang. IScott et al] (2005) observed this object simultaneously 
in the X-rays and UV domains with Chandra, FUSE and STIS. 
They do not state a 2-10 keV flux in their paper However, 
using the power law model shown in their figure 1, we derive 
■F2-iokeV - 2.46 X 10"" erg s"' cm^^. This, in turn, yields 
i'2-iokev - 1.45 X lO''-' erg s"'. As these three observations agree 
very well with each other, we will use the mean luminosity and 
set the uncertainty to 0.2 dex. 

NGC 7674: This object appears to be Compton-thick. 

iMalaguti et al.l ( il998t) suggest an intrinsic luminosity of 
i'2-iokev ~ 10^^ erg s'^. For their estimate they assume the 
electron scattering material to have the same geometry as in 
the prototypical Seyfert 2 galaxy NGC 1068. Correcting for 
the different Cosmology they use, decreases this number to 
~ 4.4 X lO"*"* erg s"'. Another way to estimate the intrin- 
sic 2-10 keV luminosity is via the correlation between the [O 
III] ^50 07 and 2-10 keV fluxes that was f ound by [Pa nessa et aL 
(2006): logF2-iokeV - logf'[om] ~ 1.74. Dahari & De Robertis 
(198 8) measured a fl ux of F[om] = 4.3 x 10~'^ erg s"' cm'^. 
Bas sani et alj d 19991) corrected this result for intrinsic absorp- 
tion and obtained Fjgmj = (1.85 + 0.1) x lO^'^ erg s"' cm^^ 

with which, in turn, we obtain L2-iokeV = 1.8 x lO"*"* erg s~'. 
This result is in good agreement with the estimate by Malaguti 
et al., especially regarding the somewhat speculative nature of 
both methods. However, Bassani et al.'s absorption correction of 
the [O II I1i5oo7 flux ni ay suff'er from the large sHt (2.7" x 4.0") 
Dahari & D e RobertisI ([1988) used. If the Balmer decrement was 
affected by off-nuclear emission, the reddening could easily be 
underestimated. In a private communication to IMalaguti et alj 
( Il998h . R. Maiolino reports Ljgjjjj ^ 6 x 10'*'' erg s"'. In the 
cosmology used by Malaguti et al., this corresponds to a [O 
III]^5007 line flux of 1.5 x lO"'" erg s"' cm^^. This, in turn, yields 
i2-iokeV ~ 1.5 X lO"*^ erg s"', i.e. a source that is two orders 
of magnitude brighter than estimated by Malaguti et al. For our 
analysis we will use the more conservative luminosity estimate 
of Malaguti et al. and Bassani et al. by using the average of their 
estimates and allowing for an uncertainty of 1 order of mag- 
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nitude. An even higher luminosity, however, can clearly not be 
ruled out. 

NGC 7679: The only availa ble recent hard X - ray da ta of this 
object seem to be the ones from lDella Ceca et al. I (l200l who use 
ASCA and BeppoSAX data. Their analysis yields A^h = 2.2+ [ ^ x 
10^° cm"^ and F2-iokeV = 5.6 x 10"'^ erg s"' cm"^, the latter 
corresponding to L2-iokev = 3.3 x 10"*^ erg s"'. 
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